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Key Points

Dengue is an emerging infection of tropical and subtropical regions caused by a group

of four serotypes of dengue virus that are transmitted to humans by Aedes spp.

mosquitoes. Infection with one dengue virus serotype provides long-lasting protective

immunity to that serotype, but only short-term immunity (lasting less than 6 months)

to other serotypes. Sequential infection with different dengue virus serotypes is

common in dengue-endemic countries.

A small percentage of individuals infected with dengue virus develop a plasma leakage

syndrome that can be life-threatening. This syndrome, termed dengue haemorrhagic

fever, is associated with high circulating levels of cytokines (a 'cytokine storm') and

immune activation. Beyond the first year of life, dengue haemorrhagic fever is

significantly more common during an individual's second dengue virus infection than

during the primary infection.

Antibody responses to dengue virus are principally directed towards two glycoproteins

on the surface of the virion envelope, the precursor membrane (pre-M) and envelope

(E) proteins, and a secreted viral glycoprotein, non-structural protein 1 (NS1).

Depending on the specific epitope targeted and the antibody avidity and

concentration, dengue virus-specific antibodies can inhibit viral infection

(neutralization) or enhance the uptake of virions into cells bearing immunoglobulin

receptors (a process referred to as antibody-dependent enhancement of infection).

T cells recognize epitopes that are distributed across the dengue virus genome, and

many CD4  and CD8  T cells recognize more than one dengue virus serotype. Variant

epitope sequences between dengue virus serotypes induce an altered profile of

cytokine production and target cell lysis (the altered peptide ligand effect).

During a second dengue virus infection, the presence of pre-existing memory B and T

cells (which were induced by the prior infection) alters the kinetics and specificity of

the immune response, and this is referred to as original antigenic sin.

Clinical studies have shown associations between specific immune responses and

disease severity. However, no single measure has shown a high correlation with clinical

outcome. Further studies are needed to establish reliable correlates of protective or

pathological immune responses.

Dengue virus vaccines currently in development contain different components of the

dengue virus genome. Immune responses to the different vaccines may not be

equivalent; incorporation of immunological studies into clinical trials is desirable to

establish the necessary knowledge base to guide vaccine development and

introduction.

Abstract

Dengue is a mosquito-borne viral disease of expanding geographical range and incidence.

The existence of four viral serotypes and the association of prior dengue virus infection with

an increased risk for more severe disease have presented significant obstacles to vaccine

development. An increased understanding of the adaptive immune response to natural

dengue virus infection and candidate dengue vaccines has helped to define the specific

antibody and T cell responses that are associated with either protective or pathological

immunity during dengue infection. Further characterization of immunological correlates of

disease outcome and the validation of these findings in vaccine trials will be invaluable for

developing effective dengue vaccines.
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Dengue as a clinical entity is thought to date back at least several hundred years, and its

aetiology was recognized as a mosquito-borne virus nearly 100 years ago. Military

physicians in the United States and Japan began efforts to develop a vaccine against dengue

during the Second World War, when the virus strains were isolated. Progress since that time

has been disappointingly slow. The geographical range of dengue virus transmission has

expanded considerably in tropical and subtropical regions of the globe, and the number of

cases of dengue illness reported worldwide has increased more than 30-fold since the

1960s . Only in the last few years did the first dengue vaccine enter a field efficacy trial. The

slow pace of vaccine development reflects the unique set of challenges that dengue

presents, which are of great relevance to basic and applied immunology (Box 1). This Review

briefly summarizes the key clinical, virological and epidemiological facts about dengue. The

primary focus is to review recent studies of antibody and T cell responses to dengue virus

and their association with favourable (protection against infection or illness) or

unfavourable (enhancement of disease) clinical outcomes.

Dengue virus

Dengue virus, the causative agent of dengue, is a small, enveloped virus that contains a

single-stranded, positive-sense (messenger) RNA genome and is a member of the family

Flaviviridae. The term 'dengue virus' actually refers to a group of four genetically and

antigenically related viruses that are known as serotypes (DENV-1 to DENV-4). All four

dengue virus serotypes cause the same clinical manifestations and show similar patterns of

systemic dissemination, with tropism principally for monocytes, macrophages and

dendritic cells .

Dengue viruses are transmitted to humans by mosquitoes of the genus Aedes. The

distribution of Aedes spp. mosquitoes explains the heavy burden of viral transmission in

tropical and subtropical areas that encompass more than half of the human population.

These regions also include popular destinations for tourists from temperate developed

countries, presenting a constant risk for the spread of dengue virus into non-endemic

areas .

Most dengue virus infections pass with minimal or no symptoms. The classical clinical

presentation of dengue virus infection, dengue fever, is an acute illness lasting

approximately 4–7 days. Fever, chills and malaise are common but nonspecific. Severe retro-

orbital headache and myalgias are more characteristic symptoms of dengue. Other common

disease features include leukopenia, thrombocytopenia (sometimes severe) and elevated

levels of hepatic transaminases. Symptoms and signs of infection resolve without

complications in the vast majority of cases. However, distinctive features of spontaneous

bleeding, plasma leakage, or both may appear towards the end of the illness. The dengue

plasma-leakage syndrome, named dengue haemorrhagic fever, occurs in only a small

percentage of patients, but is the most important contributor to a severe clinical outcome.

Increased vascular permeability in dengue haemorrhagic fever results in decreased

circulating plasma volume, haemoconcentration, and pleural and peritoneal effusions, and

severe, life-threatening shock can ensue.

The transient nature of plasma leakage, its association with the late febrile phase and the

paucity of structural damage to the vasculature in autopsy studies initially suggested that

circulating factors were primarily responsible for this phenomenon. Studies have shown

that plasma levels of pro-inflammatory and vasoactive cytokines are elevated in patients

with dengue haemorrhagic fever before and at the time of plasma leakage, and the degree of

elevation correlates with disease severity (reviewed in Ref. 6) (Box 2). As in the case of

infection with several other viruses (such as influenza viruses and hantaviruses), the

scenario envisioned is that excessive immune activation creates a cascade of cytokine

production resulting in increased vascular permeability: a 'cytokine storm'.

Experimental and observational studies indicate that the adaptive immune response to

dengue virus has both protective and detrimental aspects. Individuals who have been

infected with one dengue virus serotype (primary dengue virus infection) have long-term

protective immunity against re-infection with the same serotype. There is also transient

resistance to infection with other dengue virus serotypes, but this heterotypic protective

immunity lasts only a few months, after which these individuals are once again susceptible

to infection with other serotypes (secondary dengue virus infection) . Subsequently, the

remaining cross-reactive immune response to other serotypes has the potential to increase

the risk for developing dengue haemorrhagic fever, at least in some individuals. Indeed,

several prospective studies found that, in children above the age of 1 year, dengue

haemorrhagic fever is 15-fold to 80-fold more frequent during secondary dengue virus

infection than during primary infection. However, even during primary infection, dengue

haemorrhagic fever occurs in a small percentage of patients in this age group . Infants

born to mothers with established immunity to dengue virus are a special group at high risk

for dengue haemorrhagic fever and hospitalization during primary infection in the first year

of life , as discussed below.

Despite many studies using in vitro and animal models, our knowledge of protective and

pathological immune responses to dengue virus relies primarily on clinical and

epidemiological studies. Primates are the only vertebrates known to be infected by dengue

virus in nature. Both humans and non-human primates are susceptible to dengue virus

infection, but the viral strains isolated from humans and non-human primates are

genetically distinct, indicating that these transmission cycles diverged in the distant past .

Furthermore, dengue haemorrhagic fever is not known to occur in non-human primates in

either natural or experimental settings. Laboratory animals, such as mice and other rodents,

are susceptible to experimental dengue virus infection, and various disease models have

been described in mice. Although these models display some features of human dengue

disease, they each have significant limitations (reviewed in Ref. 14) (Table 1). For example,

these models have, for the most part, relied on mouse-adapted viruses that appear to be

attenuated with respect to human infection. New models such as 'humanized' mice are

promising , but have not yet yielded new insights into dengue virus-specific immune

responses.

Table 1 Features of animal models of dengue
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Antibody responses to dengue virus

Targets of the antibody response to dengue virus. The precursor membrane (pre-M) and

envelope (E) structural proteins and non-structural protein 1 (NS1) are the principal targets

of the antibody response to dengue virus infection in humans (Fig. 1), as demonstrated by

western blotting and the characterization of panels of monoclonal antibodies. Antibody

responses have also been detected to other non-structural proteins, including NS3 and NS5.

However, these responses are weak, especially in primary dengue virus infections . NS3

and NS5 localize exclusively within virus-infected cells, but cell lysis owing to viral

cytopathic effect or immune cell-mediated lysis may make these proteins accessible for

binding to B cell receptors.

Figure 1: Antibody responses to dengue virus protein targets and antibody

functions.

a | The dengue virus life cycle and sources of antigens are shown. Dengue virions bind to cell surface

receptors (these have not been completely characterized), and the virions are internalized through

endocytosis. Acidification of the endocytic vescicle leads to rearrangement of the surface envelope

(E) glycoprotein, fusion of the viral and vesicle membranes and release of viral RNA into the

cytoplasm. Viral genomic RNA is then translated to produce viral proteins in endoplasmic reticulum

(ER)-derived membrane structures, and the viral proteins and newly synthesized viral RNA

assemble into immature virions within the ER lumen. Cleavage of the viral precursor membrane

(pre-M) protein by the host cell enzyme furin leads to the formation of mature virions, which are

secreted from the cell. In addition, some of the synthesized non-structural protein 1 (NS1) is

expressed on the plasma membrane of the cell or secreted, and some virions are secreted in an

immature form. Mature and immature virions induce antibody responses to the E protein, and these

antibodies can function in neutralization or in antibody-dependent enhancement of infection.

Immature virions also induce antibody responses to the pre-M protein. Antibodies specific for NS1

can interact with membrane-bound NS1 and cause complement-dependent lysis of virus-infected

cells. b | The structure of the dengue virus E glycoprotein ectodomain and characteristics of E

protein-specific antibodies are shown. The three domains of the E protein are coloured in red

(domain I), yellow (domain II) and blue (domain III). c | The mechanisms of neutralization and

enhancement by dengue virus-specific antibodies are shown. At high levels of epitope occupancy,

antibodies can block the binding of virions to the cellular receptor or can block fusion at a post-

binding stage. At lower epitope occupancy levels, antibodies can enhance the uptake of virions into

cells by interacting with immunoglobulin (Fc) receptors.
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Dengue virus E protein. The most extensive characterization of B cell epitopes has been

accomplished for the E glycoprotein, which is the principal surface component of the

dengue virion. The three main domains that are bound by antibodies correspond to the

three domains in the crystal structure, with multiple epitopes residing within each

domain  (Fig. 1). Antibodies to all of the epitopes display varying degrees of cross-

reactivity across the four dengue virus serotypes (and other flaviviruses). Importantly,

owing to the dimeric conformation of the E protein on the virion surface and its tight

packing in the mature form, not all of the antibody epitopes are equally accessible for

antibody binding. For example, under saturating conditions, only 120 of the 180 available E

protein domain III epitopes recognized by one monoclonal antibody could be occupied,

owing to steric interference at the remaining sites . Another domain III epitope is accessible

only during the dynamic rearrangement of the E protein that occurs at physiological

temperatures . The fusion loop in domain II of the E protein is almost completely

inaccessible in the mature virion, and antibodies to this epitope apparently bind to either

immature virions or a post-entry or pre-fusion transition state after low pH-induced

rearrangement of the E protein into a trimeric conformation .

The serological response to the E protein after natural dengue virus infection in humans is

highly serotype cross-reactive . Corresponding to the findings using serum, most E

protein-specific human monoclonal antibodies were found to bind to more than one dengue

virus serotype . Domain III of the E protein, which contains the putative receptor-binding

region that allows the virus to target host cells, is the most variable in amino acid sequence

between serotypes. Antibodies specific for this domain show the greatest degree of serotype

specificity, but make up a minor component of the overall antibody response during

infection .

Dengue virus pre-M and NS1 proteins. The pre-M protein forms a heterodimer with the E

protein during initial virion assembly and is subsequently cleaved by host cell-expressed

furin during the final stage of virion maturation before egress . Following cleavage, the

remaining fragment — the M protein — is completely hidden by the E protein dimers in the

mature virion and is inaccessible to antibody binding . However, incomplete cleavage

appears to be a common occurrence for dengue virus, at least in vitro, yielding immature

and partially mature particles that can be bound by pre-M protein-specific antibodies .

Antibodies to the pre-M protein are highly serotype cross-reactive.

The NS1 protein is a glycoprotein that is produced in infected cells but is not incorporated

into the virion. NS1 forms a multimeric structure and can be found on the surface of infected

cells or can be released as a soluble molecule in cell culture and in vivo . Antibodies

specific for NS1 are also highly serotype cross-reactive .

Functions of dengue virus-specific antibodies. Antibodies specific for dengue virus proteins

mediate a wide range of functions in vitro. Neutralization of infection by dengue virus-

specific antibodies can occur through several different mechanisms, including inhibition of

binding to cell surface receptors or post-binding inhibition of viral fusion . Neutralizing

antibodies are directed against the E protein and include antibodies to nearly all of the

epitopes. Neutralization apparently requires a minimum occupancy of the available

epitopes, which has been estimated to be ∼30 sites per virion . However, measurement of

the neutralizing activity of immune sera or monoclonal antibodies is affected by the assay

method and by the cell substrate used .

The tropism of dengue virus for monocytes and macrophages, which both express

receptors for immunoglobulins, also creates the opportunity for dengue virus-specific

antibodies to enhance viral entry, a phenomenon termed 'antibody-dependent

enhancement of infection'. Antibody-dependent enhancement of infection occurs because

host cell uptake of virus–antibody complexes is more efficient than the entry of free virus

through the host cell-expressed receptor(s). Antibody-dependent enhancement of infection

can be mediated by E protein-specific antibodies under conditions of low antibody

concentration or low antibody avidity, when the number of antibody molecules bound per

virion is below the threshold necessary for neutralization of the virus . Antibody-

dependent enhancement can also be mediated by pre-M protein-specific antibodies . In

this case, uncleaved pre-M protein on immature or partially mature virions is targeted by the

host antibody response, and pre-M protein cleavage and virion maturation may occur as the

virus–antibody complexes are taken up by the host cell. Infection of monocytes by virus–

antibody complexes can also alter cellular responses to infection, including the

upregulation of IL-10 production in genetically predisposed individuals .

Dengue virus-specific antibodies of the appropriate subclasses can also bind to complement

proteins and promote their activation. Fixation of complement to virions by antibodies

specific for the pre-M and/or E proteins can inhibit viral infection . Antibodies specific for

NS1 on the host cell plasma membrane can also direct complement-mediated lysis of

infected cells . NS1-specific antibodies may also contribute to antibody-dependent cellular

cytotoxicity .

T cell responses to dengue virus

Targets of the T cell response to dengue virus. Dengue virus proteins are translated from the

viral genomic RNA as a single polyprotein, which is subsequently cleaved to yield the three

structural proteins and seven non-structural proteins. This coding strategy should generate

equimolar amounts of all ten proteins. In keeping with this, T cell epitopes are found

throughout the dengue virus polyprotein  (Fig. 2). These epitopes appear to follow the

general principles of T cell epitope immunogenicity, and they show MHC molecule binding

kinetics that are similar to those of other immunodominant viral epitopes. Most of the

identified T cell epitopes, for both CD4  and CD8  T cells, reside in the NS3 protein, which

represents only ∼20% of the dengue virus amino acid coding sequence. Limitations in the

availability of reagents may explain the apparent immunodominance of NS3 for T cell

recognition, at least in part. However, a recent study using overlapping peptides covering

the entire DENV-2 polyprotein also found that the highest ex vivo T cell responses were

directed to the NS3 region .

Figure 2: T cell responses to dengue virus protein targets and T cell effector

functions.

a | The dengue virus life cycle and sources of antigens are shown. Viral attachment, internalization,

fusion and translation proceed as described in Fig. 1. Newly synthesized viral proteins enter the

MHC class I and II presentation pathways and viral peptide epitopes are presented on the cell

surface within the binding groove of MHC molecules. MHC class II molecules present peptides to

CD4  T cells, which principally produce cytokines but are also capable of lysing infected cells. MHC

class I molecules present peptides to CD8  T cells, which principally lyse infected cells but also

produce cytokines. b | A schematic of the dengue virus polyprotein is shown at the top and the

locations of well-defined epitopes that are recognized by human T cells are marked by arrows. c |

Three of the well-defined T cell epitopes are shown to demonstrate the incomplete sequence

conservation of typical T cell epitopes. The location of the epitope, its recognition by CD4  or CD8

T cells and its HLA restriction are indicated at the top. The predominant sequences for each of the

four serotypes are shown. Residues that are completely conserved are shown in black and residues

that are not completely conserved are shown in red. d | Variant epitopes alter the T cell functional

response, and the figure shows two examples. The full agonist peptide (top) induces a full range of T

cell responses — production of multiple cytokines (for example, IFNγ, TNF and CCL4) and lysis of

the infected cell. A partial agonist peptide varying at one residue (bottom; altered residue in red)

induces a skewed functional response, involving production of some cytokines (CCL4 in this

example) but little production of other cytokines (such as IFNγ) and inefficient cell lysis. C, capsid

protein; CCL4, CC-chemokine ligand 4; E, envelope protein; ER, endoplasmic reticulum; IFNγ,

interferon-γ; NS, non-structural protein; pre-M, precursor membrane protein; TNF, tumour necrosis

factor.
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Given that there is ∼70% amino acid identity between the four dengue virus serotypes, T cell

epitopes are highly conserved across serotypes, with the typical epitope having >6 residues

that are completely conserved and several others that are reasonably well

conserved . A high percentage of the T cell clones studied have shown reactivity to

more than one dengue virus serotype, although serotype-specific T cell clones have also

been found and some exceptional T cell clones differentially recognize viral strains within

the same serotype .

Functions of dengue virus-specific T cells. Dengue virus-specific T cells recognize virus-

infected cells and respond with a diverse set of effector functions, including proliferation,

target cell lysis and the production of a range of cytokines (Fig. 2). In vitro, both CD4  and

CD8  human T cells with specificity for dengue virus have demonstrated the capacity to lyse

MHC-matched virus-infected cells . However, the mechanism of viral peptide

presentation by MHC class II molecules in this in vitro system has not been defined.

Therefore, the relevance of this in vitro observation to the elimination of virus-infected cells,

such as monocytes and macrophages, in vivo is uncertain. A broad array of cytokines is

produced by dengue virus-specific T cells in response to the recognition of peptide–MHC

complexes on target cells. For most T cells studied, the pattern of cytokine production

follows a T helper 1 (T 1)- or T 0-like profile. Thus, these T cells produce interferon-γ (IFNγ),

tumour necrosis factor (TNF), interleukin-2 (IL-2) and CC-chemokine ligand 4 (CCL4; also

known as MIP1β), whereas the production of T 2-type cytokines, such as IL-4, is less

common .

As is the case for dengue virus-specific antibodies, amino acid differences between

serotypes can affect the avidity of the interaction between peptide–MHC complexes on

dengue virus-infected cells and the T cell receptors of individual dengue virus-specific T cell

clones, and this has functional consequences (Fig. 2). The functional avidities of individual

dengue virus-specific T cells have been assessed in vitro mainly by testing T cell functional

responses to graded concentrations of synthetic peptides. T cells recognize and lyse target

cells at peptide concentrations lower than those required to stimulate the same T cells to

proliferate . Furthermore, the peptide concentrations required to stimulate various

cytokine responses differ. The induction of IFNγ production requires a relatively high

peptide concentration, whereas progressively lower concentrations of peptide are required

to induce the production of TNF and CCL4 (Ref. 55). Peptide variants found in different

dengue virus serotypes act as altered peptide ligands, shifting the peptide dose–response

curve towards either increased or decreased responsiveness of the T cell. In our experience,

the result is a qualitative change or skewing in the cytokine response profile for many T cell

clones, typically with increased production of inflammatory cytokines (such as TNF and

CCL4) and decreased production of IFNγ and IL-2 (Refs 46, 49, 55).

Original antigenic sin

The potential for an individual to be infected with dengue virus on several different

occasions during a lifetime, as described above, is a distinctive clinical and immunological

feature of dengue. Importantly, the second and subsequent dengue virus infections always

involve different viral serotypes than the previous infection(s), owing to long-lasting

homotypic protective immunity against the primary strain. If exceptions to this rule exist in

nature, they have yet to be firmly documented. Nevertheless, secondary dengue virus

infections differ immunologically from primary infections as a consequence of the fact that

the immune response (to the secondary infection) occurs in the context of pre-existing

heterotypic immunity that is serotype cross-reactive. Memory B and T cells induced by the

prior exposure to a different dengue virus serotype are capable of responding more rapidly

than naive cells during the acute secondary infection. However, because of sequence

diversity between the dengue virus serotypes, the memory B and T cells that are re-activated

during secondary infection may not have optimal avidity for the corresponding epitopes of

the new infecting virus. The alteration in immune response, skewed by the 'memory' of the

previous infection, is referred to as 'original antigenic sin'.

For antibody responses, affinity maturation occurs within the first few weeks after the onset

of primary dengue virus infection . This selects for memory B cells and plasma cells with

the highest specificity and/or affinity for the infecting viral serotype, as evidenced by a wide

difference in homotypic versus heterotypic neutralizing antibody titres . With

subsequent dengue virus infection, antibody responses are notably different and are

characterized by much higher antibody titres and a broader pattern of neutralization of the

four dengue virus serotypes. Titres of antibodies specific for the virus serotype that caused

the earlier infection increase substantially, and often remain higher than the titres of

antibodies specific for the currently infecting serotype , the phenomenon that led to the

original coinage of the term original antigenic sin.

For T cell responses, there are fewer data available comparing primary and subsequent

dengue virus infections. Overall, T cell responses after primary dengue virus infections are

characterized by higher homotypic than heterotypic responses . However, this pattern

breaks down at the level of individual T cell epitopes, and the degree of serotype cross-

reactivity is different for the various measurements of T cell function . T cell responses

after secondary infections are highly serotype cross-reactive . Some studies have shown

higher responses to the previously encountered dengue virus serotype, consistent with

preferential expansion of memory T cell populations with higher avidity for that serotype

than the new infecting serotype . However, our recent studies have revealed a more

complex pattern of serotype cross-reactivity, suggesting that other factors that are unique

to the individual patient have a strong influence on the T cell response to secondary

infection (H. Friberg, H. Bashyam, T. Toyosaki-Maeda, J. A. Potts, T. Greenough, S.

Kalayanarooj, R. V. Gibbons, A. Nisalak, A. Srikiatkhachorn, S. Green, H. A. F. Stephens, A.L.R.

and A. Mathew, unpublished observations).

Immune responses associated with protection

Antibody responses associated with protection. Adoptive transfer of immune serum or

monoclonal antibodies specific for pre-M, E or NS1 proteins can protect mice from lethal

challenge with dengue virus . Similarly, passive transfer of antibodies can protect

against infection with dengue virus in non-human primate models . High-avidity

antibodies, particularly those specific for epitopes on domain III of the E protein, appear to

be most effective at providing protection from infection and/or disease . NS1-specific

antibodies mediate complement-dependent lysis of infected cells ; however, this may not

fully explain their protective effects in vivo .

Assessment of the protective effects of dengue virus-specific antibodies in humans relies on

associations from prospective cohort studies, in which exposure to dengue virus is difficult

to evaluate. High titres of dengue virus-specific neutralizing antibodies have been

associated with a lower likelihood of severe disease during secondary infection , but

conflicting results have also been reported . Infection and viraemia can clearly occur, even

in patients with pre-existing high titres of neutralizing antibodies that can bind to the
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infecting viral serotype . In these cases, the antibodies detected are presumed to be cross-

reactive antibodies from a prior heterotypic dengue virus infection; the available assays are

not able to distinguish such heterotypic antibodies from homotypic antibodies, which are

thought to provide sterile immunity.

Studies of primary dengue virus infection in infants born to mothers with established

immunity to dengue virus provide a means to isolate the effects of passively acquired

dengue virus-specific antibodies. The incidence of dengue virus infection, and in particular

dengue haemorrhagic fever, is low during the first few months of life, and a minimum

neutralizing antibody titre for protection against infection has been suggested . However,

the problems with current neutralizing antibody assays (discussed above) confound the

interpretation of the results from these studies as well.

T cell responses associated with protection. T cell activity requires the presentation of viral

peptides on the surface of infected cells in the context of MHC molecules and, unlike B cells,

T cells do not recognize intact virions. Therefore, it would not be possible for dengue virus-

specific T cells to provide sterilizing immunity against viral infection. Nevertheless, the lysis

of virus-infected cells and/or the antiviral effects of T cell cytokines (such as IFNγ) could

theoretically restrict viral replication and inhibit the development of disease. However,

there have been fewer studies of T cell-mediated protection than of antibody-mediated

protection.

Adoptive transfer of virus-specific T cells is one approach to separate the effects of T cell-

mediated immunity from those of humoral immunity, and one study found that dengue

virus-specific CD8  T cell clones could partially protect mice from lethal dengue virus

challenge . An alternative approach, involving immunization with antigens that induce

dengue virus-specific T cells but not neutralizing antibodies, has also shown that T cells are

sufficient to protect mice from lethal infection . Most studies of this type have used

vaccines designed to induce CD8  T cells, but a study of a particulate capsid protein vaccine

found that CD4  T cells can also contribute to protective immunity to dengue virus . Many

of these studies have demonstrated that IFNγ-producing dengue virus-specific T cells are

present following immunization, but IFNγ was not proven to be essential for the protective

effect.

It is more challenging to clearly define a protective role for dengue virus-specific T cells in

humans. Other than congenital antibody deficiencies, there are no clinical scenarios in

which memory T cells are present in the absence of dengue virus-specific antibodies.

Nevertheless, by collecting blood samples from prospectively enrolled individuals in

dengue-endemic areas, it is possible to test for correlations between pre-infection dengue

virus-specific T cell responses and the outcome of infection. So far, these studies have been

done only in small study cohorts. One study compared patients who were hospitalized

during their subsequent dengue virus infection with patients who were not hospitalized (a

decision made independently by the clinician that presumably reflected the severity of

disease). The mean T cell proliferation responses and cytokine secretion levels prior to

infection were similar in the two cohorts, but IFNγ production in response to a broad range

of serotypes was significantly more common among patients who were not hospitalized .

In a separate group of subjects, the frequencies of cytokine-producing CD4  T cells were

higher in patients who experienced a subclinical secondary dengue virus infection than in

patients who had a symptomatic secondary infection . In addition, a clinical study of

recipients of a candidate tetravalent vaccine who were subsequently challenged with

infectious dengue virus found that protective immunity (that is, protection from the

development of fever or viraemia during challenge) was associated with sustained in vitro

IFNγ responses mediated by dengue virus-specific T cells in blood samples collected during

the acute phase . However, pre-challenge blood samples did not identify an immunological

correlate of outcome in that study.

A protective effect of dengue virus-specific T cells can also be inferred from studies of HLA

associations with dengue disease. Specific HLA alleles were found to be significantly more

common among patients with dengue fever than among those with the more severe dengue

haemorrhagic fever in one or more studies reviewed in Ref. 75. These alleles (or allele

groups) included HLA-A*0203, HLA-A*29, HLA-A*33, HLA-B*13, HLA-B*15, HLA-B*44, HLA-

B*52, HLA-DRB1*04, HLA-DRB1*07 and HLA-DRB1*09. T cell epitopes have been defined for

some of these alleles, but no data are available to implicate specific epitopes in any

protective effect.

Immune responses associated with disease

Antibody responses associated with disease. The well-established finding that patients with

secondary dengue virus infections have an increased risk for developing dengue

haemorrhagic fever provides strong evidence for a pathological side to the dengue virus-

specific immune response. This association, juxtaposed with the occurrence of dengue

haemorrhagic fever during primary infection in infants under 1 year of age, has focused the

attention of many groups on the possible detrimental effects of dengue virus-specific

antibodies. Antibody-dependent enhancement of infection provides a straightforward

explanation for more severe disease in both settings, as increased infection of

immunoglobulin receptor-expressing cells (such as monocytes and macrophages) could

explain the greater level of cytokine production that occurs. Antibody-dependent

enhancement of dengue virus infection has been demonstrated in vivo using adoptive

transfer of dengue virus-specific immunoglobulins; in monkeys, increased virus titres were

observed  and, in immunodeficient mice, increased virus titres and mortality were noted .

Moreover, infection-enhancing activity was displayed in vitro by sera obtained from subjects

who had serological evidence of previous dengue virus infection (prior to secondary dengue

virus infection) and by sera from the mothers of infants who later developed dengue

haemorrhagic fever during primary dengue virus infection .

Several lines of evidence question whether antibody-dependent enhancement of infection

alone is sufficient to explain dengue haemorrhagic fever. First, dengue haemorrhagic fever

can occur, albeit at a lower frequency, in primary dengue virus infection in older children

and adults, and this indicates that antibody-dependent enhancement is not required for the

development of plasma leakage . Second, although average peak virus titres are higher in

patients with dengue haemorrhagic fever than in patients with dengue fever, virus titres are

several logs below peak levels by the time plasma leakage occurs, and there are many

patients who have high virus titres but do not develop plasma leakage . These findings

suggest that increased viraemia alone is not the direct cause of plasma leakage and that

other mechanisms are involved in the cytokine storm phenomenon. Last, several

prospective studies have found no significant difference in the antibody-dependent

infection-enhancing activity of pre-infection serum from patients who did and did not

subsequently develop dengue haemorrhagic fever. Thus, antibody-dependent infection-

enhancing activity is not useful as a correlate of disease risk .

Several other mechanisms by which dengue virus-specific antibodies could contribute to

dengue haemorrhagic fever have been proposed. First, virus–antibody or antigen–antibody

complexes could activate the complement pathway. Complement activation is a feature of

severe dengue infection, and is temporally related to plasma leakage . Second, some

dengue virus-specific antibodies have been reported to cross-react with host proteins. For

example, antibodies generated against the E protein can recognize plasminogen , and NS1-

specific antibodies can also bind to various coagulation or endothelial cell-expressed

proteins . Antibody binding to one or more of these host proteins could activate

coagulation pathways and/or alter endothelial cell function. However, the kinetics of these

antibody responses do not correspond well to the timing of plasma leakage.

T cell responses associated with disease. T cell-derived cytokines have pleiotropic effects,

including the induction or enhancement of inflammation and the alteration of vascular

permeability. Infusion of either IL-2 or TNF can induce systemic vascular leakage , and

this provides a theoretical basis for the participation of T cells in the pathogenesis of dengue

haemorrhagic fever. The evidence of increased levels of cytokines in the circulation of

patients with dengue haemorrhagic fever has been noted above. In support of a role for T

cells in this cytokine production in vivo, studies have also shown high levels of soluble forms

of T cell surface molecules (such as soluble CD4, soluble CD8 and soluble IL-2R) in patients

with dengue haemorrhagic fever, and this is indicative of T cell activation . In addition,

the frequency of activated T cells in vivo (as determined by expression of the activation

marker CD69 on peripheral blood T cells) was found to be significantly higher in patients

with dengue haemorrhagic fever than in those with dengue fever .

Increased T cell activation and cytokine production have been reported in patients with

dengue haemorrhagic fever during both primary and secondary dengue virus

infections . Thus, it is unclear to what extent the level of T cell activation during acute

infection is determined by factors existing before the acute infection (such as memory T

cells induced by earlier infections or immunizations) versus early events during the acute

infection (such as the amount of virus injected by the mosquito or the replication kinetics of

the infecting virus strain). Studies of acute dengue virus infection show that, by the time the

infection is detected, the immunological events associated with plasma leakage are already

in progress . Prospective collection of blood samples before secondary dengue virus

infections is the only way to address this issue. In one cohort study (mentioned above), T

cells from a subset of patients showed in vitro TNF secretion in response to stimulation with

dengue virus antigens, and all of these patients were hospitalized by the treating physician,

which suggests a greater clinical severity of illness . These findings imply that specific

patterns of memory T cell responses represent a higher risk for more severe disease, but that

there may not be one single predisposing factor that explains all severe dengue cases.

As with protective T cell responses, HLA association studies provide additional evidence

that T cell responses can determine a more severe clinical outcome. Several studies have

found an association between dengue haemorrhagic fever and HLA-A2 in ethnic Thais ,

although a study in Vietnamese patients failed to show this link . A more detailed study

using high-resolution molecular typing of HLA-A2 found a positive association of dengue

haemorrhagic fever with HLA-A*0207 but a negative association with HLA-A*0203 (Ref. 96).

Other allele groups that were more frequent in patients with dengue haemorrhagic fever

than in patients with dengue fever or in control individuals in at least one study include HLA-

A*01, HLA-A*24, HLA-A*31, HLA-B*15, HLA-B*46 and HLA-B*51 (reviewed in Ref. 75). However,

none of these associations has been defined to the level of a specific epitope or mechanism.

Immune responses to dengue vaccines

Several different approaches to the development of vaccines against dengue have been

followed, and these have significant differences in their immunological targets (Fig. 3). Live

attenuated dengue virus strains were developed by several groups through serial passage in

tissue culture. Immunization with individual live attenuated strains of dengue virus induced

antibody and T cell responses comparable in titre and specificity to natural

infection . However, simultaneous administration of strains of all four dengue

virus serotypes as tetravalent vaccines introduced additional complications. Inter-serotype

interference at the level of viral replication resulted in a dominant viraemia with one or two

of the four viruses, and immunodominance further skewed both the antibody and T cell

responses such that responses to one or more serotypes were suboptimal. Predictors of the

pattern of immune response to the tetravalent formulations have not been defined. Given

these challenges, as well as undesirable safety profiles, the vaccine candidates that were

based on empirically attenuated dengue virus strains have been abandoned.

Figure 3: The antigenic make-up of various dengue vaccine approaches in

development.

A schematic of the dengue virus genome is shown at the top. The Sanofi Pasteur vaccine contains

four chimeric live flaviviruses, each derived from the yellow fever virus genome with the precursor

membrane (pre-M) and envelope (E) gene segments replaced by the corresponding gene segments

of each of the four dengue virus serotypes (DENV-1 to DENV-4). The US National Institutes of Health

(NIH) vaccine contains a mixture of four recombinant dengue virus genomes; the DENV-2

component is a chimeric dengue virus derived from a DENV-4 genome with pre-M and E gene

segments replaced by those of DENV-2. This vaccine also contains attenuating mutations in the 3′

untranslated region (UTR) that are not shown in the figure. The CDC/Inviragen vaccine contains a

mixture of four recombinant DENV-2 genomes; the DENV-1, DENV-3 and DENV-4 components are

chimeric dengue virus genomes. The Merck/Hawaii Biotech vaccine is a recombinant protein

vaccine containing the E glycoprotein ectodomains of all four dengue virus serotypes. Other

vaccines in development use plasmids or heterologous viral vectors to express only the pre-M and E

gene segments of all four dengue virus serotypes.
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The development of technology to generate synthetic flavivirus genomes and to manipulate

them to create viable chimeric viruses has permitted the generation of viruses that have

specific attenuating mutations and express desired immunological targets. One such

approach has used the genome of the vaccine strain of yellow fever virus to produce a

tetravalent dengue virus vaccine, by replacing the gene segments encoding the yellow fever

virus pre-M and E proteins with the corresponding segments from representative strains of

each of the four dengue virus serotypes . This vaccine induces dengue virus-specific

antibody and T cell responses directed against epitopes on the pre-M and E proteins,

although responses to the four serotypes are not equal because interference and

immunodominance still occur . This vaccine also induces T cell responses to the yellow

fever virus non-structural proteins  and presumably antibody responses to yellow fever

virus non-structural proteins as well. Most dengue virus and yellow fever virus epitopes are

highly divergent and, not unexpectedly, antibody and T cell responses to the dengue virus

non-structural proteins following administration of this vaccine are low to undetectable.

However, some degree of cross-reactivity with dengue virus and other flaviviruses may

explain the anamnestic response observed to subsequent flavivirus immunizations.

The use of attenuated dengue virus strains as the genetic backbone for the construction of

dengue–dengue chimaeras has yielded a hybrid vaccine approach, in which single-serotype

strains and mixed-serotype chimeric strains are combined to produce a tetravalent

formulation  (Fig. 3). Clinical testing is still in an early stage, and the antibody and T cell

responses to the tetravalent vaccine have not been reported. However, this vaccine might be

expected to express different epitopes in varying proportions, depending on the 'dose' of

each segment of the genome. The impact of this variation, in combination with the effects of

interference and immunodominance seen with other live dengue vaccines, will need to be

determined as the clinical studies progress.

Other candidate dengue vaccines in development express only subsets of the dengue virus

proteome. These include protein subunit vaccines (such as those that use recombinant E

protein); inactivated whole virions that contain only structural proteins; nucleic acid

vaccines that encode pre-M and E proteins with or without NS1; and heterologous viral

vectors (such as measles virus) that express these same dengue virus genome segments.

Most such vaccines have been designed specifically to induce dengue virus-specific

neutralizing antibodies. Preclinical testing has yielded promising results, but clinical trials

of these vaccines are in an early stage or have yet to begin.

Conclusions and perspectives

The available evidence suggests that the outcome of dengue virus infection depends on the

balance between favourable and unfavourable immune responses, the former providing

control of viral replication and the latter enhancing the inflammatory and vascular

permeability response to a given level of antigen expression (Fig. 4). Host genetics, the

sequence of infection with different dengue virus serotypes and strains, and probably other

factors specific to the individual patient modulate the pattern of the immune response,

particularly with regard to cross-reactivity with other dengue virus serotypes not yet

encountered.

Figure 4: A balance between favourable and unfavourable factors determines the

clinical outcome of dengue virus infection.

Virus inoculation by Aedes aegypti mosquitoes results in viral dissemination, which in turn results in

disease manifestations; high virus titres are necessary but not sufficient to cause severe disease.

Viral and host factors affect early viral replication and influence the level of viraemia. Other host

factors affect the levels of production of various cytokines (such as interferon-γ (IFNγ) and tumour

necrosis factor (TNF)) and determine the severity of illness for any given level of viraemia. APL,

altered peptide ligand.
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The lack of reliable immunological markers for either protective or pathological immune

responses to dengue virus represents a major gap in our current knowledge base and should

be a high priority as clinical trials of dengue vaccines progress into the phase of testing

vaccine efficacy. Whether the same markers will apply to all of the different vaccine

approaches is also an open question and will necessitate a cautious approach to

extrapolating from studies of natural infection or other vaccines. New animal models may

help to address these questions experimentally, but they are not yet at the stage at which

they can provide reliable information to guide vaccine development or testing. For the

foreseeable future, carefully designed clinical studies will remain essential to advance

efforts to reduce the global impact of dengue.

Box 1 | Dengue: challenges to vaccine development

Multiple viral serotypes

Incomplete cross-protection

Viral interference

Immunological interference

Animal models are not faithful to human disease

No validated immunological correlates of immunity (protective or pathological)

Box 2 | Plasma markers associated with severe dengue

Cytokines

IFNα, IFNγ, IL-6, IL-8, IL-10, CXCL9, CXCL10, CXCL11, MIF, TNF and VEGF

Soluble receptors

Soluble CD4, soluble CD8, soluble TNF receptor, soluble IL-2 receptor and IL-1

receptor antagonist

Coagulation factors or endothelial cell markers

Von Willebrand factor, tissue factor, plasminogen activator inhibitor, soluble

thrombomodulin and soluble VCAM1; soluble VEGF receptor 2 (inverse association)

CXCL, CXC-chemokine ligand; IFN, interferon; IL, interleukin; MIF, macrophage

migration inhibitory factor; TNF, tumour necrosis factor; VCAM1, vascular cell

adhesion molecule 1; VEGF, vascular endothelial growth factor.
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Glossary

Furin

An endoprotease that is important for cleaving and activating precursor proteins, such

as transforming growth factor-β and von Willebrand factor. Viruses, such as HIV, may

exploit the activity of host cell furin to promote viral assembly.

Altered peptide ligands

(APLs). Peptide variants that are derived from the original antigenic peptide. They

commonly have amino acid substitutions at residues that contact the T cell receptor

(TCR). TCR engagement by APLs usually leads to partial or incomplete T cell activation.

Antagonistic APLs can specifically antagonize and inhibit T cell activation induced by the

wild-type antigenic peptide.

Anamnestic response

The enhanced immune response that occurs against an antigen as a result of previous

host exposure to a related antigen.

Rights and permissions

Reprints and Permissions

About this article

Cite this article
Rothman, A. Immunity to dengue virus: a tale of original antigenic sin and tropical cytokine storms. Nat

Rev Immunol 11, 532–543 (2011). https://doi.org/10.1038/nri3014

Download citation

Published

15 July 2011

Issue Date

August 2011

+

+

+

+

+

+

+ +

b +

https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXkslSltbc%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20158392
http://scholar.google.com/scholar_lookup?&title=Mechanisms%20of%20immune%20evasion%20induced%20by%20a%20complex%20of%20dengue%20virus%20and%20preexisting%20enhancing%20antibodies&journal=J.%20Infect.%20Dis.&volume=201&pages=923-935&publication_year=2010&author=Ubol%2CS&author=Phuklia%2CW&author=Kalayanarooj%2CS&author=Modhiran%2CN
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3MXisVOlurk%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=21123382
http://scholar.google.com/scholar_lookup?&title=Cell%20type%20specificity%20and%20host%20genetic%20polymorphisms%20influence%20antibody-dependent%20enhancement%20of%20dengue%20virus%20infection&journal=J.%20Virol.&volume=85&pages=1671-1683&publication_year=2011&author=Boonnak%2CK&author=Dambach%2CKM&author=Donofrio%2CGC&author=Tassaneetrithep%2CB&author=Marovich%2CMA
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1cXjtVGhtw%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18078693
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2194657
http://scholar.google.com/scholar_lookup?&title=Complement%20protein%20C1q%20inhibits%20antibody-dependent%20enhancement%20of%20flavivirus%20infection%20in%20an%20IgG%20subclass-specific%20manner&journal=Cell%20Host%20Microbe&volume=2&pages=417-426&publication_year=2007&author=Mehlhop%2CE
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADyaL2sXhsFCns7w%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3819700
http://scholar.google.com/scholar_lookup?&title=Protection%20of%20mice%20against%20dengue%202%20virus%20encephalitis%20by%20immunization%20with%20the%20dengue%202%20virus%20non-structural%20glycoprotein%20NS1&journal=J.%20Gen.%20Virol.&volume=68&pages=853-857&publication_year=1987&author=Schlesinger%2CJJ&author=Brandriss%2CMW&author=Walsh%2CEE
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD28XoslOnsbo%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16787760
http://scholar.google.com/scholar_lookup?&title=Antibodies%20from%20patients%20with%20dengue%20viral%20infection%20mediate%20cellular%20cytotoxicity&journal=J.%20Clin.%20Virol.&volume=37&pages=53-57&publication_year=2006&author=Garcia%2CG
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2sXkvFyksbo%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17357046
http://scholar.google.com/scholar_lookup?&title=Antibody%20dependent%20cellular%20cytotoxicity%20in%20pre-secondary%20dengue%20virus%20serotype%203%20%28DV3%29%20but%20not%20in%20DV2%20infection%20plasma%20samples%20inversely%20correlated%20with%20viremia%20levels&journal=J.%20Infect.%20Dis.&volume=195&pages=1108-1116&publication_year=2007&author=Laoprasopwattana%2CK
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXns1yksr4%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20565291
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2942863
http://scholar.google.com/scholar_lookup?&title=Meta-analysis%20of%20all%20immune%20epitope%20data%20in%20the%20Flavivirus%20genus%3A%20inventory%20of%20current%20immune%20epitope%20data%20status%20in%20the%20context%20of%20virus%20immunity%20and%20immunopathology&journal=Viral%20Immunol.&volume=23&pages=259-284&publication_year=2010&author=Vaughan%2CK&author=Greenbaum%2CJ&author=Blythe%2CM&author=Peters%2CB&author=Sette%2CA
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXht1Olsb7J
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20837518
http://scholar.google.com/scholar_lookup?&title=Immunodominant%20T-cell%20responses%20to%20dengue%20virus%20NS3%20are%20associated%20with%20DHF&journal=Proc.%20Natl%20Acad.%20Sci.%20USA&volume=107&pages=16922-16927&publication_year=2010&author=Duangchinda%2CT
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2MXntVSqsb4%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16081844
http://scholar.google.com/scholar_lookup?&title=Altered%20cytokine%20responses%20of%20dengue-specific%20CD4%2B%20T%20cells%20to%20heterologous%20serotypes&journal=J.%20Immunol.&volume=175&pages=2676-2683&publication_year=2005&author=Mangada%2CMM&author=Rothman%2CAL
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD28Xhs1ert7c%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16493038
http://scholar.google.com/scholar_lookup?&title=Dengue%20virus-reactive%20CD8%2B%20T%20cells%20display%20quantitative%20and%20qualitative%20differences%20in%20their%20response%20to%20variant%20epitopes%20of%20heterologous%20viral%20serotypes&journal=J.%20Immunol.&volume=176&pages=2817-2824&publication_year=2006&author=Bashyam%2CHS&author=Green%2CS&author=Rothman%2CAL
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD3sXkvFOjs7s%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12808447
http://scholar.google.com/scholar_lookup?&title=Original%20antigenic%20sin%20and%20apoptosis%20in%20the%20pathogenesis%20of%20dengue%20hemorrhagic%20fever&journal=Nature%20Med.&volume=9&pages=921-927&publication_year=2003&author=Mongkolsapaya%2CJ
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2sXhtVehtL7L
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17626101
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2045385
http://scholar.google.com/scholar_lookup?&title=Differential%20functional%20avidity%20of%20dengue%20virus-specific%20T-cell%20clones%20for%20variant%20peptides%20representing%20heterologous%20and%20previously%20encountered%20serotypes&journal=J.%20Virol.&volume=81&pages=10081-10091&publication_year=2007&author=Imrie%2CA
http://scholar.google.com/scholar_lookup?&title=Dengue%20Tropical%20Medicine%3A%20Science%20and%20Practice&pages=257-283&publication_year=2008&author=Rothman%2CAL&author=Ennis%2CFA
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADyaL1MXlsFWrsLk%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2475573
http://scholar.google.com/scholar_lookup?&title=Dengue%20virus-specific%20human%20T%20cell%20clones.%20Serotype%20crossreactive%20proliferation%2C%20interferon%20%CE%B3%20production%2C%20and%20cytotoxic%20activity&journal=J.%20Exp.%20Med.&volume=170&pages=763-775&publication_year=1989&author=Kurane%2CI&author=Meager%2CA&author=Ennis%2CFA
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaK3c%252FmsVOksw%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2511337
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC251170
http://scholar.google.com/scholar_lookup?&title=Dengue%20virus-specific%20cross-reactive%20CD8%2B%20human%20cytotoxic%20T%20lymphocytes&journal=J.%20Virol.&volume=63&pages=5086-5091&publication_year=1989&author=Bukowski%2CJF
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18060049
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2092391
http://scholar.google.com/scholar_lookup?&title=High%20pro-inflammatory%20cytokine%20secretion%20and%20loss%20of%20high%20avidity%20cross-reactive%20cytotoxic%20T-cells%20during%20the%20course%20of%20secondary%20dengue%20virus%20infection&journal=PLoS%20ONE&volume=2&publication_year=2007&author=Dong%2CT
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADyaK1MXls1KqsrY%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10453018
http://scholar.google.com/scholar_lookup?&title=Partial%20agonist%20effect%20influences%20the%20CTL%20response%20to%20a%20heterologous%20dengue%20virus%20serotype&journal=J.%20Immunol.&volume=163&pages=2754-2760&publication_year=1999&author=Zivny%2CJ
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3MXjsVGmsA%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20421879
http://scholar.google.com/scholar_lookup?&title=Memory%20CD8%2B%20T%20cells%20from%20naturally%20acquired%20primary%20dengue%20virus%20infection%20are%20highly%20cross-reactive&journal=Immunol.%20Cell%20Biol.&volume=89&pages=122-129&publication_year=2011&author=Friberg%2CH
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2MXlvFOhsL4%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15956399
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1151893
http://scholar.google.com/scholar_lookup?&title=Discrimination%20between%20primary%20and%20secondary%20dengue%20virus%20infection%20by%20an%20immunoglobulin%20G%20avidity%20test%20using%20a%20single%20acute-phase%20serum%20sample&journal=J.%20Clin.%20Microbiol.&volume=43&pages=2793-2797&publication_year=2005&author=Matheus%2CS
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaL3s7isVChtA%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6824120
http://scholar.google.com/scholar_lookup?&title=Original%20antigenic%20sin%20in%20dengue&journal=Am.%20J.%20Trop.%20Med.%20Hyg.&volume=32&pages=154-156&publication_year=1983&author=Halstead%2CSB&author=Rojanasuphot%2CS&author=Sangkawibha%2CN
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXht1KmtLbF
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20738205
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2943243
http://scholar.google.com/scholar_lookup?&title=Inferring%20the%20serotype%20associated%20with%20dengue%20virus%20infections%20on%20the%20basis%20of%20pre-%20and%20postinfection%20neutralizing%20antibody%20titers&journal=J.%20Infect.%20Dis.&volume=202&pages=1002-1010&publication_year=2010&author=van%20Panhuis%2CWG
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3MXitlCjurs%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20980526
http://scholar.google.com/scholar_lookup?&title=An%20in-depth%20analysis%20of%20original%20antigenic%20sin%20in%20dengue%20virus%20infection&journal=J.%20Virol.&volume=85&pages=410-421&publication_year=2011&author=Midgley%2CCM
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaL1M7gvFGltg%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2521489
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC303708
http://scholar.google.com/scholar_lookup?&title=Human%20T%20cell%20responses%20to%20dengue%20virus%20antigens.%20Proliferative%20responses%20and%20interferon%20%CE%B3%20production&journal=J.%20Clin.%20Invest.&volume=83&pages=506-513&publication_year=1989&author=Kurane%2CI
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADyaK1cXis1Krtro%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9557687
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC109627
http://scholar.google.com/scholar_lookup?&title=Predominance%20of%20HLA-restricted%20CTL%20responses%20to%20serotype%20crossreactive%20epitopes%20on%20nonstructural%20proteins%20after%20natural%20dengue%20virus%20infections&journal=J.%20Virol.&volume=72&pages=3999-4004&publication_year=1998&author=Mathew%2CA
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaK3c%252Fltl2qsg%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2817214
http://scholar.google.com/scholar_lookup?&title=Monoclonal%20antibodies%20for%20dengue%20virus%20prM%20glycoprotein%20protect%20mice%20against%20lethal%20dengue%20infection&journal=Am.%20J.%20Trop.%20Med.%20Hyg.&volume=41&pages=576-580&publication_year=1989&author=Kaufman%2CBM
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXhtlaku7zJ
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20702644
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2950583
http://scholar.google.com/scholar_lookup?&title=Genotype-specific%20neutralization%20and%20protection%20by%20antibodies%20against%20dengue%20virus%20type%203&journal=J.%20Virol.&volume=84&pages=10630-10643&publication_year=2010&author=Brien%2CJD
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2sXhtl2jtb%252FF
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17881450
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2169078
http://scholar.google.com/scholar_lookup?&title=Epitope%20determinants%20of%20a%20chimpanzee%20dengue%20virus%20type%204%20%28DENV-4%29-neutralizing%20antibody%20and%20protection%20against%20DENV-4%20challenge%20in%20mice%20and%20rhesus%20monkeys%20by%20passively%20transferred%20humanized%20antibody&journal=J.%20Virol.&volume=81&pages=12766-12774&publication_year=2007&author=Lai%2CCJ
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3404125
http://scholar.google.com/scholar_lookup?&title=Synergistic%20interactions%20of%20anti-NS1%20monoclonal%20antibodies%20protect%20passively%20immunized%20mice%20from%20lethal%20challenge%20with%20dengue%202%20virus&journal=J.%20Gen.%20Virol.&volume=69&pages=2101-2107&publication_year=1988&author=Henchal%2CEA&author=Henchal%2CLS&author=Schlesinger%2CJJ
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaL1M3is1Wiug%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2712199
http://scholar.google.com/scholar_lookup?&title=Antibody-dependent%20enhancement%20of%20dengue%20virus%20growth%20in%20human%20monocytes%20as%20a%20risk%20factor%20for%20dengue%20hemorrhagic%20fever&journal=Am.%20J.%20Trop.%20Med.%20Hyg.&volume=40&pages=444-451&publication_year=1989&author=Kliks%2CSC&author=Nisalak%2CA&author=Brandt%2CWE&author=Wahl%2CL&author=Burke%2CDS
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14999601
http://scholar.google.com/scholar_lookup?&title=Relationship%20of%20pre-existing%20dengue%20virus%20%28DV%29%20neutralizing%20antibody%20levels%20to%20viremia%20and%20disease%20severity%20in%20a%20prospective%20cohort%20study%20of%20DV%20infection%20in%20Thailand&journal=J.%20Infect.%20Dis.&volume=189&pages=990-1000&publication_year=2004&author=Endy%2CTP
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2cXnvV2mt7s%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15388257
http://scholar.google.com/scholar_lookup?&title=Dengue-specific%20CD8%2B%20T%20cells%20have%20both%20protective%20and%20pathogenic%20roles%20in%20dengue%20virus%20infection&journal=Immunol.%20Lett.&volume=95&pages=167-174&publication_year=2004&author=An%2CJ
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1MXjvFOju78%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19342665
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2674070
http://scholar.google.com/scholar_lookup?&title=A%20protective%20role%20for%20dengue%20virus-specific%20CD8%2B%20T%20cells&journal=J.%20Immunol.&volume=182&pages=4865-4873&publication_year=2009&author=Yauch%2CLE
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1MXhtFygs7vK
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19692540
http://scholar.google.com/scholar_lookup?&title=Recombinant%20nucleocapsid-like%20particles%20from%20dengue-2%20virus%20induce%20protective%20CD4%2B%20and%20CD8%2B%20cells%20against%20viral%20encephalitis%20in%20mice&journal=Int.%20Immunol.&volume=21&pages=1175-1183&publication_year=2009&author=Gil%2CL
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXht1egsrbO
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20640909
http://scholar.google.com/scholar_lookup?&title=Nucleocapsid-like%20particles%20of%20dengue-2%20virus%20enhance%20the%20immune%20response%20against%20a%20recombinant%20protein%20of%20dengue-4%20virus&journal=Arch.%20Virol.&volume=155&pages=1587-1595&publication_year=2010&author=Lazo%2CL
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12085313
http://scholar.google.com/scholar_lookup?&title=Dengue-specific%20T%20cell%20responses%20in%20peripheral%20blood%20mononuclear%20cells%20obtained%20prior%20to%20secondary%20dengue%20virus%20infections%20in%20Thai%20schoolchildren&journal=J.%20Infect.%20Dis.&volume=185&pages=1697-1703&publication_year=2002&author=Mangada%2CMM
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3MXnslKmsbc%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=21335561
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3069729
http://scholar.google.com/scholar_lookup?&title=Intracellular%20cytokine%20production%20by%20dengue%20virus-specific%20T%20cells%20correlates%20with%20subclinical%20secondary%20infection&journal=J.%20Infect.%20Dis.&volume=203&pages=1282-1291&publication_year=2011&author=Hatch%2CS
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3MXlslyltL0%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=21443963
http://scholar.google.com/scholar_lookup?&title=A%20human%20challenge%20model%20for%20dengue%20infection%20reveals%20a%20possible%20protective%20role%20for%20sustained%20interferon%20%CE%B3%20levels%20during%20the%20acute%20phase%20of%20illness&journal=Vaccine&volume=29&pages=3895-3904&publication_year=2011&author=Gunther%2CVJ
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXisVamsbo%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19802581
http://scholar.google.com/scholar_lookup?&title=HLA%20and%20other%20gene%20associations%20with%20dengue%20disease%20severity&journal=Curr.%20Top.%20Microbiol.%20Immunol.&volume=338&pages=99-114&publication_year=2010&author=Stephens%2CHA
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2sXmtlegtb0%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17517625
http://scholar.google.com/scholar_lookup?&title=Monoclonal%20antibody-mediated%20enhancement%20of%20dengue%20virus%20infection%20in%20vitro%20and%20in%20vivo%20and%20strategies%20for%20prevention&journal=Proc.%20Natl%20Acad.%20Sci.%20USA&volume=104&pages=9422-9427&publication_year=2007&author=Goncalvez%2CAP&author=Engle%2CRE&author=St.%20Claire%2CM&author=Purcell%2CRH&author=Lai%2CCJ
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXlt1KltLk%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20153282
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2824513
http://scholar.google.com/scholar_lookup?&title=Enhanced%20infection%20of%20liver%20sinusoidal%20endothelial%20cells%20in%20a%20mouse%20model%20of%20antibody-induced%20severe%20dengue%20disease&journal=Cell%20Host%20Microbe&volume=7&pages=128-139&publication_year=2010&author=Zellweger%2CRM&author=Prestwood%2CTR&author=Shresta%2CS
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaK3M%252Fis1akuw%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2223245
http://scholar.google.com/scholar_lookup?&title=Antibody-enhanced%20infection%20of%20monocytes%20as%20the%20pathogenetic%20mechanism%20for%20severe%20dengue%20illness&journal=AIDS%20Res.%20Hum.%20Retroviruses&volume=6&pages=993-998&publication_year=1990&author=Kliks%2CS
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaL1c7otFeksw%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3354774
http://scholar.google.com/scholar_lookup?&title=Evidence%20that%20maternal%20dengue%20antibodies%20are%20important%20in%20the%20development%20of%20dengue%20hemorrhagic%20fever%20in%20infants&journal=Am.%20J.%20Trop.%20Med.%20Hyg.&volume=38&pages=411-419&publication_year=1988&author=Kliks%2CSC&author=Nimmanitya%2CS&author=Nisalak%2CA&author=Burke%2CDS
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2MXot1Gjs7c%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15995967
http://scholar.google.com/scholar_lookup?&title=Dengue%20virus%20%28DV%29%20enhancing%20antibody%20activity%20in%20preillness%20plasma%20does%20not%20predict%20subsequent%20disease%20severity%20or%20viremia%20in%20secondary%20DV%20infection&journal=J.%20Infect.%20Dis.&volume=192&pages=510-519&publication_year=2005&author=Laoprasopwattana%2CK
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADC%252BD3c%252Fos12qsw%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10608744
http://scholar.google.com/scholar_lookup?&title=Dengue%20viremia%20titer%2C%20antibody%20response%20pattern%20and%20virus%20serotype%20correlate%20with%20disease%20severity&journal=J.%20Infect.%20Dis.&volume=181&pages=2-9&publication_year=2000&author=Vaughn%2CDW
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaK2sznvFektg%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9237696
http://scholar.google.com/scholar_lookup?&title=Dengue%20in%20the%20early%20febrile%20phase%3A%20viremia%20and%20antibody%20responses&journal=J.%20Infect.%20Dis.&volume=176&pages=322-330&publication_year=1997&author=Vaughn%2CDW
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12001037
http://scholar.google.com/scholar_lookup?&title=Differing%20influences%20of%20viral%20burden%20and%20immune%20activation%20on%20disease%20severity%20in%20secondary%20dengue%203%20virus%20infections&journal=J.%20Infect.%20Dis.&volume=185&pages=1213-1221&publication_year=2002&author=Libraty%2CDH
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaL1c7islejsg%253D%253D
http://scholar.google.com/scholar_lookup?&title=Complement%20and%20dengue%20haemorrhagic%20fever%2Fshock%20syndrome&journal=Southeast%20Asian%20J.%20Trop.%20Med.%20Pub.%20Health&volume=18&pages=316-320&publication_year=1987&author=Malasit%2CP
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD28XksVynu7Y%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16544248
http://scholar.google.com/scholar_lookup?&title=Vascular%20leakage%20in%20severe%20dengue%20virus%20infections%3A%20a%20potential%20role%20for%20the%20nonstructural%20viral%20protein%20NS1%20and%20complement&journal=J.%20Infect.%20Dis.&volume=193&pages=1078-1088&publication_year=2006&author=Avirutnan%2CP
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaK3MzhtFSqsA%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1856477
http://scholar.google.com/scholar_lookup?&title=Development%20of%20cross-reactive%20antibodies%20to%20plasminogen%20during%20the%20immune%20response%20to%20dengue%20virus%20infection&journal=J.%20Infect.%20Dis.&volume=164&pages=294-301&publication_year=1991&author=Markoff%2CLJ&author=Innis%2CBL&author=Houghten%2CR&author=Henchal%2CLS
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADyaK2sXjvFahtLg%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9191856
http://scholar.google.com/scholar_lookup?&title=The%20dengue%20virus%20nonstructural-1%20protein%20%28NS1%29%20generates%20antibodies%20to%20common%20epitopes%20on%20human%20blood%20clotting%2C%20integrin%2Fadhesion%20proteins%20and%20binds%20to%20human%20endothelial%20cells%3A%20potential%20implications%20in%20haemorrhagic%20fever%20pathogenesis&journal=Arch.%20Virol.&volume=142&pages=897-916&publication_year=1997&author=Falconar%2CAKI
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD38Xmt1Wqur4%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11917945
http://scholar.google.com/scholar_lookup?&title=Kidney%20cancer%3A%20the%20Cytokine%20Working%20Group%20experience%20%281986%E2%80%932001%29%3A%20part%20II.%20Management%20of%20IL-2%20toxicity%20and%20studies%20with%20other%20cytokines&journal=Med.%20Oncol.&volume=18&pages=209-219&publication_year=2001&author=Dutcher%2CJ
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=21188088
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3004168
http://scholar.google.com/scholar_lookup?&title=The%20dual%20role%20of%20TNF%20in%20pulmonary%20edema&journal=J.%20Cardiovasc.%20Dis.%20Res.&volume=1&pages=29-36&publication_year=2010&author=Yang%2CG
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADyaK3MXmslOrsbw%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1939640
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC295652
http://scholar.google.com/scholar_lookup?&title=Activation%20of%20T%20lymphocytes%20in%20dengue%20virus%20infections.%20High%20levels%20of%20soluble%20interleukin%202%20receptor%2C%20soluble%20CD4%2C%20soluble%20CD8%2C%20interleukin%202%2C%20and%20interferon-%CE%B3%20in%20sera%20of%20children%20with%20dengue&journal=J.%20Clin.%20Invest.&volume=88&pages=1473-1480&publication_year=1991&author=Kurane%2CI
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaK1M7mvFWltg%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10068569
http://scholar.google.com/scholar_lookup?&title=Early%20immune%20activation%20in%20acute%20dengue%20is%20related%20to%20development%20of%20plasma%20leakage%20and%20disease%20severity&journal=J.%20Infect.%20Dis.&volume=179&pages=755-762&publication_year=1999&author=Green%2CS
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaK1MvksFKjtA%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10515800
http://scholar.google.com/scholar_lookup?&title=Early%20CD69%20expression%20on%20peripheral%20blood%20lymphocytes%20from%20children%20with%20dengue%20hemorrhagic%20fever&journal=J.%20Infect.%20Dis.&volume=180&pages=1429-1435&publication_year=1999&author=Green%2CS
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18598189
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2730540
http://scholar.google.com/scholar_lookup?&title=Dengue%20in%20Vietnamese%20infants%20%E2%80%94%20results%20of%20infection-enhancement%20assays%20correlate%20with%20age-related%20disease%20epidemiology%2C%20and%20cellular%20immune%20responses%20correlate%20with%20disease%20severity&journal=J.%20Infect.%20Dis.&volume=198&pages=516-524&publication_year=2008&author=Chau%2CTN
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaK1Mvjt1Skug%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10502265
http://scholar.google.com/scholar_lookup?&title=Elevated%20plasma%20interleukin-10%20levels%20in%20acute%20dengue%20correlate%20with%20disease%20severity&journal=J.%20Med.%20Virol.&volume=59&pages=329-334&publication_year=1999&author=Green%2CS
https://www.nature.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaL38%252FitFGqtA%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7283007
http://scholar.google.com/scholar_lookup?&title=Histocompatibility%20antigens%20and%20dengue%20hemorrhagic%20fever&journal=Am.%20J.%20Trop.%20Med.%20Hyg.&volume=30&pages=1100-1105&publication_year=1981&author=Chiewsilp%2CP&author=Scott%2CRM&author=Bhamarapravati%2CN
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD3sXksV2gtg%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12472660
http://scholar.google.com/scholar_lookup?&title=HLA-A%20and%20-B%20allele%20associations%20with%20secondary%20dengue%20virus%20infections%20correlate%20with%20disease%20severity%20and%20the%20infecting%20viral%20serotype%20in%20ethnic%20Thais&journal=Tissue%20Antigens&volume=60&pages=309-318&publication_year=2002&author=Stephens%2CHA
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD38Xht1ejtg%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11709777
http://scholar.google.com/scholar_lookup?&title=Strong%20HLA%20class%20I-restricted%20T%20cell%20responses%20in%20dengue%20hemorrhagic%20fever%3A%20a%20double-edged%20sword%3F&journal=J.%20Infect.%20Dis.&volume=184&pages=1369-1373&publication_year=2001&author=Loke%2CH
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18670195
http://scholar.google.com/scholar_lookup?&title=Phase%202%20clinical%20trial%20of%20three%20formulations%20of%20tetravalent%20live-attenuated%20dengue%20vaccine%20in%20flavivirus-naive%20adults&journal=Hum.%20Vaccin.&volume=5&pages=33-40&publication_year=2009&author=Sun%2CW
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14740954
http://scholar.google.com/scholar_lookup?&title=Serotype-specific%20TH1%20responses%20in%20recipients%20of%20two%20doses%20of%20candidate%20live-attenuated%20dengue%20virus%20vaccines&journal=Am.%20J.%20Trop.%20Med.%20Hyg.&volume=69&pages=39-47&publication_year=2003&author=Gwinn%2CW&author=Sun%2CW&author=Innis%2CBL&author=Caudill%2CJ&author=King%2CAD
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD3MXislGgu7k%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11312014
http://scholar.google.com/scholar_lookup?&title=Safety%20and%20immunogenicity%20of%20attenuated%20dengue%20virus%20vaccines%20%28Aventis%20Pasteur%29%20in%20human%20volunteers&journal=Vaccine&volume=19&pages=3179-3188&publication_year=2001&author=Kanesa-thasan%2CN
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD3MXmsFWrt7g%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11535318
http://scholar.google.com/scholar_lookup?&title=Induction%20of%20T%20lymphocyte%20responses%20to%20dengue%20virus%20by%20a%20candidate%20tetravalent%20live%20attenuated%20dengue%20virus%20vaccine&journal=Vaccine&volume=19&pages=4694-4699&publication_year=2001&author=Rothman%2CAL
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD38XkvFKkt7s%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12093182
http://scholar.google.com/scholar_lookup?&title=Viremia%20and%20immunogenicity%20in%20nonhuman%20primates%20of%20a%20tetravalent%20yellow%20fever%E2%80%93dengue%20chimeric%20vaccine%3A%20genetic%20reconstructions%2C%20dose%20adjustment%2C%20and%20antibody%20responses%20against%20wild-type%20dengue%20virus%20isolates&journal=Virology&volume=298&pages=146-159&publication_year=2002&author=Guirakhoo%2CF
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXisFGqur8%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20059357
http://scholar.google.com/scholar_lookup?&title=A%20novel%20tetravalent%20dengue%20vaccine%20is%20well%20tolerated%20and%20immunogenic%20against%20all%204%20serotypes%20in%20flavivirus-naive%20adults&journal=J.%20Infect.%20Dis.&volume=201&pages=370-377&publication_year=2010&author=Morrison%2CD
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1cXhtFOgtrfN
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18762226
http://scholar.google.com/scholar_lookup?&title=Cell-mediated%20immunity%20induced%20by%20chimeric%20tetravalent%20dengue%20vaccine%20in%20naive%20or%20flavivirus-primed%20subjects&journal=Vaccine&volume=26&pages=5712-5721&publication_year=2008&author=Guy%2CB
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD28Xis1Grt74%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16553547
http://scholar.google.com/scholar_lookup?&title=Development%20of%20a%20live%20attenuated%20dengue%20virus%20vaccine%20using%20reverse%20genetics&journal=Viral%20Immunol.&volume=19&pages=10-32&publication_year=2006&author=Blaney%2CJE&author=Durbin%2CAP&author=Murphy%2CBR&author=Whitehead%2CSS
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD3sXosFSjtb0%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14557629
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC229366
http://scholar.google.com/scholar_lookup?&title=Dengue%202%20PDK-53%20virus%20as%20a%20chimeric%20carrier%20for%20tetravalent%20dengue%20vaccine%20development&journal=J.%20Virol.&volume=77&pages=11436-11447&publication_year=2003&author=Huang%2CCY
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADyaK28Xhs12jtg%253D%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7485699
http://scholar.google.com/scholar_lookup?&title=Murine%20immunoglobulin%20G%20subclass%20responses%20following%20immunization%20with%20live%20dengue%20virus%20or%20a%20recombinant%20dengue%20envelope%20protein&journal=Am.%20J.%20Trop.%20Med.%20Hyg.&volume=53&pages=432-437&publication_year=1995&author=Smucny%2CJJ&author=Kelly%2CEP&author=Macarthy%2CPO&author=King%2CAD
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXht1aktbbN
http://scholar.google.com/scholar_lookup?&title=Differential%20in%20vivo%20clearance%20and%20response%20to%20secondary%20heterologous%20infections%20by%20H2b-restricted%20dengue%20virus-specific%20CD8%2B%20T%20cells.%20Viral&journal=Immunol.&volume=23&pages=477-485&publication_year=2010&author=Beaumier%2CCM
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2cXitlSnt74%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14990690
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC353772
http://scholar.google.com/scholar_lookup?&title=Interferon-dependent%20immunity%20is%20essential%20for%20resistance%20to%20primary%20dengue%20virus%20infection%20in%20mice%2C%20whereas%20T-%20and%20B-cell-dependent%20immunity%20are%20less%20critical&journal=J.%20Virol.&volume=78&pages=2701-2710&publication_year=2004&author=Shresta%2CS
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADyaL2sXhvFCgsb8%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3826503
http://scholar.google.com/scholar_lookup?&title=Monoclonal%20antibodies%20against%20dengue%202%20virus%20E-glycoprotein%20protect%20mice%20against%20lethal%20dengue%20infection&journal=Am.%20J.%20Trop.%20Med.%20Hyg.&volume=36&pages=427-434&publication_year=1987&author=Kaufman%2CBM&author=Summers%2CPL&author=Dubois%2CDR&author=Eckels%2CKH
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2sXmtFGltLs%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17360740
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1900309
http://scholar.google.com/scholar_lookup?&title=Both%20virus%20and%20tumor%20necrosis%20factor%20alpha%20are%20critical%20for%20endothelium%20damage%20in%20a%20mouse%20model%20of%20dengue%20virus-induced%20hemorrhage&journal=J.%20Virol.&volume=81&pages=5518-5526&publication_year=2007&author=Chen%2CHC&author=Hofman%2CFM&author=Kung%2CJT&author=Lin%2CYD&author=Wu-Hsieh%2CBA
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1MXhtFWksLvN
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19666557
http://scholar.google.com/scholar_lookup?&title=Essential%20role%20of%20platelet-activating%20factor%20receptor%20in%20the%20pathogenesis%20of%20dengue%20virus%20infection&journal=Proc.%20Natl%20Acad.%20Sci.%20USA&volume=106&pages=14138-14143&publication_year=2009&author=Souza%2CDG
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD3cXms1Gjur4%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10950974
http://scholar.google.com/scholar_lookup?&title=Manifestation%20of%20thrombocytopenia%20in%20dengue-2-virus-infected%20mice&journal=J.%20Gen.%20Virol.&volume=81&pages=2177-2182&publication_year=2000&author=Huang%2CKJ
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADyaK1cXotFSktLs%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9847388
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC103889
http://scholar.google.com/scholar_lookup?&title=New%20mouse%20model%20for%20dengue%20virus%20vaccine%20testing&journal=J.%20Virol.&volume=73&pages=783-786&publication_year=1999&author=Johnson%2CAJ&author=Roehrig%2CJT
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD28XhtVyls7vP
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17005698
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1617308
http://scholar.google.com/scholar_lookup?&title=Murine%20model%20for%20dengue%20virus-induced%20lethal%20disease%20with%20increased%20vascular%20permeability&journal=J.%20Virol.&volume=80&pages=10208-10217&publication_year=2006&author=Shresta%2CS&author=Sharar%2CKL&author=Prigozhin%2CDM&author=Beatty%2CPR&author=Harris%2CE
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17560694
http://scholar.google.com/scholar_lookup?&title=Efficacy%20of%20a%20live%20attenuated%20tetravalent%20candidate%20dengue%20vaccine%20in%20naive%20and%20previously%20infected%20cynomolgus%20macaques&journal=Vaccine&volume=25&pages=5409-5416&publication_year=2007&author=Koraka%2CP&author=Benton%2CS&author=van%20Amerongen%2CG&author=Stittelaar%2CKJ&author=Osterhaus%2CAD
https://www.nature.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2cXjsVKisLg%253D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15078958
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC387722
http://scholar.google.com/scholar_lookup?&title=Safety%20and%20efficacy%20of%20chimeric%20yellow%20fever-dengue%20virus%20tetravalent%20vaccine%20formulations%20in%20nonhuman%20primates&journal=J.%20Virol.&volume=78&pages=4761-4775&publication_year=2004&author=Guirakhoo%2CF
https://citation-needed.springer.com/v2/references/10.1038/nri3014?format=refman&flavour=references


DOI

https://doi.org/10.1038/nri3014

Share this article
Anyone you share the following link with will be able to read this content:

Get shareable link

Provided by the Springer Nature SharedIt content-sharing initiative

Subjects
Adaptive immunity Cytokines Dengue virus Infection Vaccines

Viral host response

Further reading

Learning from the past: development of safe and effective COVID-19 vaccines
Shan Su, Lanying Du & Shibo Jiang
Nature Reviews Microbiology (2021)

Recent advances in materials science: a reinforced approach toward challenges
against COVID-19
Abhinav Saxena, Deepak Khare[…]  & Ashutosh Kumar Dubey
Emergent Materials (2021)

Role of microRNAs in antiviral responses to dengue infection
Rui Rui Wong, Noraini Abd-Aziz[…]  & Chit Laa Poh
Journal of Biomedical Science (2020)

Conserved epitopes with high HLA-I population coverage are targets of CD8+ T
cells associated with high IFN-γ responses against all dengue virus serotypes
Thiruni N. Adikari, Francesca Di Giallonardo[…]  & Fabio Luciani
Scientific Reports (2020)

The continued threat of emerging flaviviruses
Theodore C. Pierson & Michael S. Diamond
Nature Microbiology (2020)

Nature Reviews Immunology (Nat Rev Immunol)  ISSN 1474-1741 (online)  ISSN 1474-1733 (print)

About us Press releases Press office Contact us

Discover content

Journals A-Z

Articles by subject

Nano

Protocol Exchange

Nature Index

Publishing policies

Nature portfolio policies

Open access

Author & Researcher services

Reprints & permissions

Research data

Language editing

Scientific editing

Nature Masterclasses

Nature Research Academies

Libraries & institutions

Librarian service & tools

Librarian portal

Open research

Recommend to library

Advertising & partnerships

Advertising

Partnerships & Services

Media kits

Branded content

Career development

Nature Careers

Nature Conferences

Nature events

Regional websites

Nature Africa

Nature China

Nature India

Nature Italy

Nature Japan

Nature Korea

Nature Middle East

Legal & Privacy

Privacy Policy

Use of cookies

Manage cookies/Do not sell my data

Legal notice

Accessibility statement

Terms & Conditions

California Privacy Statement

© 2021 Springer Nature Limited

javascript:;
javascript:;
javascript:;
https://www.nature.com/npg_/company_info/index.html
https://www.nature.com/npg_/press_room/press_releases.html
https://press.nature.com/
https://support.nature.com/support/home
https://www.facebook.com/nature/
https://twitter.com/NaturePortfolio?lang=en
https://www.youtube.com/channel/UCvCLdSgYdSTpWcOgEJgi-ng
https://www.nature.com/siteindex
https://www.nature.com/subjects/
https://nano.nature.com/
https://www.nature.com/protocolexchange/
https://www.natureindex.com/
https://www.nature.com/authors/editorial_policies/
https://www.nature.com/nature-research/open-access
https://www.nature.com/reprints/
https://www.springernature.com/gp/authors/research-data
https://authorservices.springernature.com/go/nr
https://authorservices.springernature.com/scientific-editing/
https://masterclasses.nature.com/
https://partnerships.nature.com/product/researcher-training/
https://www.springernature.com/gp/librarians/tools-services
https://www.springernature.com/gp/librarians/manage-your-account/librarianportal
https://www.nature.com/openresearch/about-open-access/information-for-institutions/
https://www.springernature.com/gp/librarians/recommend-to-your-library
https://partnerships.nature.com/product/digital-advertising/
https://partnerships.nature.com/
https://partnerships.nature.com/media-kits/
https://partnerships.nature.com/product/branded-content-native-advertising/
https://www.nature.com/naturecareers
https://conferences.nature.com/
https://www.nature.com/natureevents/
https://www.nature.com/natafrica
http://www.naturechina.com/
https://www.nature.com/nindia
https://www.nature.com/natitaly
https://www.natureasia.com/ja-jp/
https://www.natureasia.com/ko-kr/
https://www.nature.com/nmiddleeast/
https://www.nature.com/info/privacy
https://www.nature.com/info/cookies
javascript:;
https://www.nature.com/info/legal-notice
https://www.nature.com/info/accessibility-statement
https://www.nature.com/info/terms-and-conditions
https://www.springernature.com/ccpa

